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SYSTEM, METHOD AND COMPUTER
PROGRAM PRODUCT TO SIMULATE
DRILLING EVENT SCENARIOS

FIELD OF THE INVENTION

The present invention generally relates to downhole simu-
lators and, more specifically, to a system for simulating
trapped annular pressure and wellhead movement during
downhole drilling event scenarios.

BACKGROUND

The existence of trapped annular pressure and wellhead
movement caused by production temperatures is known in the
industry. Conventionally, analysts have either hand calcu-
lated the increase in trapped annular pressure caused by pro-
duction temperatures, or used spreadsheets or other calcula-
tion algorithms to guess at a result. However, none of these
efforts provide the needed quality assurance for such sophis-
ticated calculations. Moreover, these approaches focused on
production events, thereby entirely ignoring the effects that
downhole temperatures and pressures have on the well during
drilling operations.

Accordingly, in view of the foregoing shortcomings, there
is a need in the art for a systematic workflow methodology
that predicts and/or determines the effect that temperatures
and pressures have on trapped annular pressure and wellhead
movement during drilling operations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.11illustrates a block diagram of'a downhole simulation
system according to an exemplary embodiment of the present
invention;

FIG. 2 is a flow chart illustrating data flow associated with
an exemplary methodology of the present invention;

FIGS.3A & 3B are screen shots of initial and final trapped
annular pressure conditions and wellhead movement load
history windows according to an exemplary embodiment of
the present invention;

FIGS. 4A & 4B are screen shots illustrating full and partial
wellbore configurations according to an exemplary embodi-
ment of the present invention;

FIG. 5A illustrates a tabular multi-string annular fluid
expansion summary produced according to an exemplary
embodiment of the present invention; and

FIG. 5B illustrates tabular results of FIG. 5A in graphical
form according to an exemplary embodiment of the present
invention.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

Tlustrative embodiments and related methodologies of the
present invention are described below as they might be
employed in a system for simulating trapped annular pressure
and wellhead movement during downhole scenarios. In the
interest of clarity, not all features of an actual implementation
or methodology are described in this specification. It will of
course be appreciated that in the development of any such
actual embodiment, numerous implementation-specific deci-
sions must be made to achieve the developers’ specific goals,
such as compliance with system-related and business-related
constraints, which will vary from one implementation to
another. Moreover, it will be appreciated that such a develop-
ment effort might be complex and time-consuming, but
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2

would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure.
Further aspects and advantages of the various embodiments
and related methodologies of the invention will become
apparent from consideration of the following description and
drawings.

FIG. 1 shows a block diagram of downhole simulation
system 100 according to an exemplary embodiment of the
present invention. In one embodiment, downhole simulation
system 100 includes at least one processor 102, a non-transi-
tory, computer-readable storage 104, transceiver/network
communication module 105, optional I/O devices 106, and an
optional display 108, all interconnected via a system bus 109.
Software instructions executable by the processor 102 for
implementing software instructions stored within downhole
simulator 110 in accordance with the exemplary embodi-
ments described herein, may be stored in storage 104 or some
other computer-readable medium.

Although not explicitly shown in FIG. 1, it will be recog-
nized that downhole simulation system 100 may be connected
to one or more public and/or private networks via appropriate
network connections. It will also be recognized that the soft-
ware instructions comprising downhole simulator 110 may
also be loaded into storage 104 from a CD-ROM or other
appropriate storage media via wired or wireless means.

FIG. 1 further illustrates a block diagram of downhole
simulator 110 according to an exemplary embodiment of the
present invention. As will be described below, downhole
simulator 110 comprises drilling prediction module 112, pro-
duction prediction module 114, casing stress module 116,
tubing stress module 118, and multi-string module 120.
Based upon the input variables as described below, the algo-
rithms of the various modules combine to formulate the well-
head analysis workflow of the present invention.

Drilling prediction module 112 simulates, or models, drill-
ing events and the associated well characteristics such as the
drilling temperature and pressure conditions present down-
hole during logging, trip pipe, casing, and cementing opera-
tions. Production prediction module 114 models production
events and the associated well characteristics such as the
production temperature and pressure conditions present
downhole during circulation, production, and injection
operations. Casing stress module 116 models the stresses
caused by the loads generated by changes from the initial to
final temperature and pressure conditions affecting the cas-
ing. Tubing stress module 118 simulates the stresses caused
by the loads generated by changes from the initial to final
temperature and pressure conditions affecting the tubing. The
modeled data received from the foregoing modules is then fed
into multi-string module 120 which analyzes and then models
the annular fluid expansion and wellhead movement present
in a system defined by the original input variables. Persons
ordinarily skilled in the art having the benefit of this disclo-
sure realize there are a variety modeling algorithms that could
be employed to achieve the results of the foregoing modules.

FIG. 2 illustrates the data flow of downhole simulation
system 100 according to an exemplary methodology of the
present invention. At step 200, the mechanical configuration
of'the well is defined using manual or automated means. For
example, a user may input the well variables via /O device
106 and display 108. However, the variables may also be
received via network communication module 105 or called
from memory by processor 102. In this exemplary embodi-
ment, the input variables define the well configuration such
as, for example, number of strings, casing and hole dimen-
sions, fluids behind each string, cement types, and undis-
turbed static downhole temperatures. Based upon these input
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variables, at step 202, using drilling prediction module 112,
processor 102 models the temperature and pressure condi-
tions present during drilling, logging, trip pipe, casing, and
cementing operations. At step 204, processor 102 then out-
puts the initial drilling temperature and pressure of the well-
bore.

Further referring to FIG. 2, at step 206, processor 102
outputs the “final” drilling temperature and pressure. Here,
“final” can also refer to the current drilling temperature and
pressure of the wellbore if the present invention is being
utilized to analyze the wellbore in real time. If this is the case,
the “final” temperature and pressure will be the current tem-
perature and pressure of the wellbore during that particular
stage of drilling operation sought to be simulated. Moreover,
the present invention could be utilized to model a certain stage
of the drilling or other operation. If so, the selected opera-
tional stage would dictate the “final” temperature and pres-
sure.

The initial and final drilling temperature and pressure val-
ues are then fed into casing stress module 116, where proces-
sor 102 simulates the stresses on the casing strings caused by
loads generated by changes from the initial to final tempera-
ture and pressure conditions affecting those casing strings, at
step 208. At step 210, processor 102 then outputs the initial
casing mechanical landing loading conditions to multi-string
module 120 (step 230). Referring back to step 206, the final
drilling temperature and pressure has been determined.
Thereafter, at step 212, processor 102 then determines
whether the final event desired to be modeled, entered via
interface 106,108, is a drilling operation. If the answer is
“yes”, processor 102 then computes that a partial mechanical
configuration was selected at step 214, and the most current,
or final, drilling temperature and pressure data (step 206) is
outputted to multi-string module 120 (step 230). However, if
the answer is “no”, processor 102 then computes that the
desired simulation is not a drilling operation, and this portion
of the algorithm stops at step 219.

Still referring to the exemplary methodology of FIG. 2,
back at step 202, processor 102 has modeled the drilling
temperature and pressure conditions present during drilling,
logging, trip pipe, casing, and cementing operations. There-
after, at step 218, these variables are fed into production
prediction module 114, where processor 102 simulates pro-
duction temperature and pressure conditions during opera-
tions such as circulation, production, and injection opera-
tions. At step 220, processor determines the final production
temperature and pressure based upon the analysis at step 218.
At step 222, processor 102 then determines whether the
desired event to be simulated is a production event. If the
answer is “yes”, processor 102 then computes that a full
mechanical configuration of the well is to be simulated at step
224, and all the simulated data is inputted to multi-string
module 120 (step 230). However, if the answer is “no”, this
portion of the algorithm stops at step 219.

Referring back to step 218, after the production tempera-
ture and pressure conditions have been modeled, the data is
fed into tubing stress module 118 at step 226. Here, processor
102 simulates the tubing stresses caused by loads generated
by changes from the initial to final temperature and pressure
conditions affecting the stress state of the tubing. Thereafter,
at step 228, processor 102 outputs the initial tubing mechani-
cal landing loading conditions at step 228, and this data is fed
into multi-string module 120 (step 230). At step 230, now that
all necessary data has been fed into multi-string module 120,
the final (or most current) well system analysis and simula-
tion is performed by processor 102 in order to determine the
annular fluid expansion (i.e., trapped annular pressures) and
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wellhead movement. Accordingly, the methodology illus-
trated in FIG. 2 may be used to simulate both complete and
partial well designs as desired, even in real-time through
linkage of final thermal operating conditions to drilling
events.

Also note that the exemplary methodology described in
FIG. 2 can involve different work flows as illustrated therein.
For example, once the initial and final drilling temperatures/
pressure have been determined at steps 204 & 206, they may
be fed into multi-string module 120 at step 230 in order to
determine the trapped annular pressures. Accordingly, per-
sons ordinarily skilled in the art having the benefit of this
disclosure realize there are workflows other than the one
previously described that could be performed using the
present invention.

As previously described, to conduct a multi-string analysis
using exemplary embodiments of the present invention, the
drilling and production operations are first defined in order to
establish the casing and tubing initial and final temperature
conditions, respectively, for each string. As such, exemplary
embodiments of the present invention provides an application
user interface that links final/current thermal and pressure
operating conditions to drilling and production scenarios.

In an exemplary embodiment of the present invention,
when a drilling operation is the desired event to the modeled,
a list of calculated drilling operations (calculated by drilling
prediction module 112 at step 202) are displayed in a final
conditions dropdown list in the interface 300 of FIGS. 3A &
3B. Interface 300A, also referred to as a multi-string module
annular fluid expansion details log, is utilized to select a list of
calculated drilling operations from which trapped annular
pressures along the well are modeled. As shown, there is a
window 306 to define the initial conditions and options such
as the strings, initial drilling operations, and annulus options.
In addition, drilling, circulation, pull out of hole (“POOH”),
displaced cement, and wait on cement partial drilling periods,
etc., may be selected for each drilled interval. Window 302
allows selection of the final conditions, which can be a variety
of stages such as, for example, drilling, circulation prior to
POOH, trip drill string, or other drilling operations. Interface
300B, also referred to as a multi-string module wellhead
movement details log, is utilized to select a list of calculated
drilling operations from which wellhead movements are
modeled. A load conditions window is utilized define the load
characteristics of the well, as illustrated.

Exemplary embodiments of the present invention also pro-
vide iterative dependency logic between the number of
strings present in the well during the drilling event selected,
initial conditions, and final conditions. For example, if the
final condition 302 selected via interface 300A is a drilling
operation, the corresponding drill pipe used during the drill-
ing event is included in the current list of strings present in the
wellbore during the drilling event; thus, allowing for a real-
time simulation of the well. If such a drilling event were
selected, a vented annulus condition 304 (for the flow path
associated to the drilling event) could be assumed by down-
hole simulation system 100 for purposes of a trapped annular
pressure analysis. In the alternative, however, the final event
selected can be a production event as well.

FIGS. 4A & 4B illustrate screen shots of a full and partial
well configuration, respectively, according to exemplary
embodiments of the present invention. Utilizing the displayed
well schematic, either full or partial, the strings desired to be
used in the calculation engine of simulator 110 are selected so
that processor 102 can begin analysis of the corresponding
data. Accordingly, at step 200, after selection of well configu-
ration and loading conditions, the corresponding configura-
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tion is displayed as shown in FIGS. 4A or 4B. Here, the
various strings, their configurations, and respective depths are
illustrated.

In order to allow for modeling of partial well configura-
tions such as that illustrated in FIG. 4B, exemplary embodi-
ments of downhole simulator 110 include a workable index-
ing algorithm that removes the desired unnecessary pipes
described in the full well configuration description (FIG. 4A),
but not present in the wellbore during the final drilling event
selected. To achieve this, downhole simulator 110 creates a
well dynamically with all the strings used in the current
operation. This dynamic well object contains the implemen-
tation to map the string indexes of the current operation to the
full well configuration. When counting the strings for the
input data feed to the engineering calculation engine utilized
by simulator 110, processor 102 ignores the strings to be left
out. Processor 102 follows a similar process to map the string
inner diameters in the result file to the in-memory indexes.
Consequently, processor 102 generates an input data file with
the inner pipes properly removed with the help of the index-
ing algorithm determined earlier. The resultant input data file
is logically consistent and usable by the engineering calcula-
tion engine (e.g., processor 102) to determine other variables
including, for example, fluids, hangers, tensioners, slips, lock
ring ratings, vented, volume bled, gas cap, leak off pressure,
initial temperature, final temperature, annular fluid expansion
initial pressure, final pressure, wellhead loads, and tensioner
inputs, etc., as would be understood by one ordinarily skilled
in the art having the benefit of this disclosure.

In instances when the final condition 302 is a drilling
operation, the tubing/pressure data in the input files repre-
sents the drilling pipe. FIG. 4B illustrates such a representa-
tion in which tubing/pressure data in the input file would
represent drill pipe 402. Also, in certain drilling events there
is no drilling pipe in the open hole section (e.g., logging, etc.).
As such, processor 102 ignores the presence of the string
affecting engineering calculations of annular fluid expansion
and wellhead movement.

In another exemplary embodiment of the present invention,
the initial condition of drilling events will display the drilling
intervals with applicable time periods in order to correctly
apply temperature and pressure conditions of a drilling period
within a drilling event. If the final operation is drilling, the
mechanical configuration related to the final drilling event
considered by processor 102 is displayed showing the irrel-
evant inner strings removed (FIG. 4B).

FIG. 5A illustrates a tabular multi-string annular fluid
expansion drilling event summary 500 produced according to
an exemplary embodiment of the present invention, as dis-
played on display 108. The table reports for each annulus
affected by trapped annular pressure the amount of incremen-
tal AFE (annular fluid expansion) pressure as well as the
associated incremental volume, per region (a string annulus
can be subdivided into isolated annulus regions) per string
annulus. Also, in FIG. 5A, downhole simulation system 100
reports the multistring wellhead movement displacement
drilling event summary, with details of wellhead displace-
ment results (incremental per load and cumulative).

FIG. 5B illustrates the tabular results of FIG. 5A in graphi-
cal form, displayed on display 108, for easy visualization
according to an exemplary embodiment of the present inven-
tion. As shown, pressures 502 illustrate the trapped annular
pressures for each annulus, and arrow 504 denotes the well-
head displacement.

Accordingly, exemplary embodiments of the present
invention may be utilized to conduct a total well system
analysis during the design phase or in real-time. It can also be
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6

used to analyze the influence of the thermal expansion of
annulus fluids, and/or the influence of loads imparted on the
wellhead during the life of the well, as well as the load effects
on the integrity of a well’s tubulars. The present invention
further determines the pressures due to the expansion of annu-
lar fluids and the position (e.g., displacement) of the wellhead
during drilling operations. Accordingly, the load pressures
and associated wellhead displacement values are used to
determine the integrity of a defined set of well tubulars in the
completed well or during drilling operations.

Although various embodiments and methodologies have
been shown and described, the invention is not limited to such
embodiments and methodologies and will be understood to
include all modifications and variations as would be apparent
to one skilled in the art. Therefore, it should be understood
that the invention is not intended to be limited to the particular
forms disclosed. Rather, the intention is to cover all modifi-
cations, equivalents and alternatives falling within the spirit
and scope of the invention as defined by the appended claims.

What is claimed is:

1. A computer-implemented method to simulate drilling
conditions along a wellbore, the method comprising:

(a) using a computer, determining an initial drilling tem-

perature and pressure condition of the wellbore;

(b) using the computer, determining a final drilling tem-
perature and pressure condition of the wellbore;

(c) using the computer, determining at least one trapped
annular pressure of the wellbore based upon the initial
and final drilling temperature and pressure conditions;
and

(d) using the computer, simulating the at least one trapped
annular pressure the wellbore during a drilling opera-
tion.

2. A computer-implemented method as defined in claim 1,

further comprising:

determining a wellhead movement present in the wellbore
during the drilling operation; and

simulating the wellhead movement.

3. A computer-implemented method as defined in claim 1,
wherein the final drilling temperature and pressure condition
of'the wellbore is a current drilling temperature and pressure
condition of the wellbore present during the drilling opera-
tion.

4. A computer-implemented method as defined in claim 1,
wherein step (b) further comprises receiving an input reflect-
ing a drilling operation as a final characteristic of the well-
bore.

5. A computer-implemented method as defined in claim 1,
wherein step (a) further comprises receiving an input reflect-
ing an initial characteristic of the wellbore.

6. A system comprising processing circuitry to simulate
drilling conditions along a wellbore, the processing circuitry
performing the method comprising:

determining an initial drilling temperature and pressure
condition of the wellbore;

determining a final drilling temperature and pressure con-
dition of the wellbore;

determining at least one trapped annular pressure of the
wellbore based upon the initial and final drilling tem-
perature and pressure conditions; and

simulating the at least one trapped annular pressure of the
wellbore during a drilling operation.

7. A system as defined in claim 6, further comprising:

determining a wellhead movement present in the wellbore
during the drilling operation; and

simulating the wellhead movement.
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8. A system as defined in claim 6, wherein the final drilling
temperature and pressure condition of the wellbore is a cur-
rent drilling temperature and pressure condition of the well-
bore present during the drilling operation.

9. A system as defined in claim 6, wherein determining a
final drilling temperature and pressure condition of the well-
bore further comprises receiving an input reflecting a drilling
operation as a final characteristic of the wellbore.

10. A system as defined in claim 6, wherein determining an
initial drilling temperature and pressure condition of the well-
bore further comprises receiving an input reflecting an initial
characteristic of the wellbore.

11. A system as defined in claim 6, wherein the trapped
annular pressure is simulated using a partial well configura-
tion.

12. A non-transitory computer readable medium compris-
ing instructions which, when executed by at least one proces-
sor, causes the processor to perform a method comprising:

(a) determining an initial drilling temperature and pressure
condition of the wellbore;

(b) determining a final drilling temperature and pressure
condition of the wellbore;

(c) determining at least one trapped annular pressure of the
wellbore based upon the initial and final drilling tem-
perature and pressure conditions; and

(d) simulating the at least one trapped annular pressure the
wellbore during a drilling operation.

13. A computer readable medium as defined in claims 12,

further comprising:

determining a wellhead movement present in the wellbore
during the drilling operation; and

simulating the wellhead movement.

14. A computer readable medium as defined in claim 12,
wherein the final drilling temperature and pressure condition
of'the wellbore is a current drilling temperature and pressure
condition of the wellbore present during the drilling opera-
tion.
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15. A computer readable medium as defined in claim 12,
wherein step (b) further comprises receiving an input reflect-
ing a drilling operation as a final characteristic of the well-
bore.

16. A computer readable medium as defined in claim 12,
wherein step (a) further comprises receiving an input reflect-
ing an initial characteristic of the wellbore.

17. A computer readable medium as defined in claim 12,
wherein the trapped annular pressure is simulated using a
partial well configuration.

18. A computer-implemented method to simulate condi-
tions along a wellbore, the method comprising, using a com-
puter, simulating trapped annular pressure along the well-
bore, during a drilling operation, based upon at least one
condition of the wellbore.

19. A computer-implemented method as defined in claim
18, wherein simulating the drilling operation further com-
prises determining wellhead movement of the wellbore dur-
ing the drilling operation.

20. A computer-implemented method as defined in claim
18, wherein the at least one condition of the wellbore is at
least one of an initial drilling temperature and pressure con-
dition of the wellbore and a final drilling temperature and
pressure condition of the wellbore.

21. A computer-implemented method as defined in claim
18, further comprising simulating the drilling operation in
real-time.

22. A computer-implemented method as defined in claim
18, wherein the simulation reflects trapped annular pressure
throughout the drilling operation.

23. A computer-implement method as defined in claim 1 or
18, wherein the trapped annular pressure is simulated using a
partial well configuration.
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